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Summary
Objective: To report the outcome of a search of the literature for evidence in support of the published [Brown RA, Blunn GW, Salisbury JR,
Byers PD. Two patterns of calciﬁcation in primary (physeal) and secondary (epiphyseal) growth cartilage. Clin Orthop1993;294:318e24]
observation that there are differences in the cellular organisation and ossiﬁcation between the articular growth cartilage and the metaphyseal
physis, i.e., dual patterns of ossiﬁcation.
Method: The search of the journal literature was by Medline. Many references came from found articles, and from textbooks. The source texts
were at the libraries of the Royal Society of Medicine, The Wellcome Trust and the British Library.
Results: (1) The search produced nine authors whose observations make up the bulk of the paper, which support the dual pattern of physes.
(2) But there were also articles in favour of the single pattern of cellular organisation and ossiﬁcation, in which, nevertheless, there were illus-
trations which were inconsistent with this, and favoured the duality. (3) The third section of the results mainly concerns the role of osteoclasts
in the ossiﬁcation process in articular physes. They are generally regarded as insufﬁcient in number to play a solo part. Quantitative data about
osteoclasts are limited; mathematical modelling is proposed as a more objective test.
Conclusion: Objective, assessable criteria are presented in favour of a modiﬁcation in our understanding of articular cartilage, and could, and
should be augmented by further testing of the hypothesis. Some lines of enquiry are suggested.
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It is generally stated that the process of cartilage growth and
ossiﬁcation in the primary and secondary centres of tubular
bones is the same. In textbooks, the striking development of
cell columns in the former and their contribution to growth
are presented in detail. But the development of the latter,
the articular physis, is not detailed, and reference is made
to the metaphyseal physis as an exemplar. In journals, artic-
ular physes, and active conjoined epiphyseal physes are in-
variably described as qualiﬁed columnar, e.g., truncated,
poorly developed. It has been proposed that in adult articu-
lar cartilage the normal conﬁguration of the cells is colum-
nar1. Observations on the morphology of the subchondral
plate and calciﬁcation front of articular cartilage in children
by Brown et al.2, and in adults by Bullough and collea-
gues3e5 and Boyde and Jones6, offer evidence against co-
lumnar organisation. The essence of these is that
mineralisation in the calciﬁed layer of articular cartilage in
children2 and adults3,4,6 is pericellular, which separates
the irregularly disposed individual cells, or clusters of cells.
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Received 23 March 2005; revision accepted 16 August 2005.3There is no contiguity of cells to form a compact cell column
extending through the calciﬁed zone to the marrow from
which vascular mesenchyme can enter to remove the cells
and establish the primary spongiosa7.
None have supported or challenged this thesis. This re-
view of the literature was undertaken to see if any have ob-
served differences between the articular and metaphyseal
physes.
Method
The search of the journal literature was by Medline. The
search topics were:
(1) Articular cartilage, subchondral bone, calciﬁed layer,
calciﬁcation front
(2) Growth of cartilage, epiphyses, bone growth, ossiﬁca-
tion centres
(3) Cartilage canals
(4) Osteoclasts, bone resorption, cartilage resorption,
Howships lacunae
(5) Boyde, A
Many references came from found articles.
The resources of the libraries of the Royal Society of
Medicine, The Wellcome Trust and the British Library
were consulted.
4 P. D. Byers and R. A. Brown: Art. Cart. physesTerminology
To discuss the proposal that there are two patterns of os-
siﬁcation requires precision in the identiﬁcation of the sites of
growth and ossiﬁcation. In recent times the generic term
physis has come to be applied to any growth cartilage. But
some qualiﬁcation is needed to specify a particular site.
For present purposes, the following terms are used
(Fig. 1). In tubular bones, primary and secondary centres
of growth and ossiﬁcation give rise to the physes. The pri-
mary centre of ossiﬁcation gives rise to two physes, proximal
and distal, which advance to reach the boundary with the
epiphysis, and can be identiﬁed as metaphyseal physes.
Keith8 records that MacEwen had proposed that the qualify-
ing term should be ‘diaphyseal’; ‘metaphyseal’ is preferred
here as it emphasises the contiguity with the epiphysis.
The secondary centre of ossiﬁcation expands within the
epiphysis in all directions; in one it comes to underlie the
articular cartilage, the articular cartilage physis, in another
it backs on the metaphyseal physis, where it forms a con-
joined complex with an epiphyseal and a metaphyseal
aspect. The epiphyseal side of this complex ossiﬁes early
Fig. 1. The nomenclature employed to specify physeal sites.to form a bony plate at the boundary of epiphysis and meta-
physis. The metaphyseal physis remains active until puberty
when the division of cells and the production of matrix cease
and the already formed cartilage is converted to bone,
making further growth impossible. In contrast, the mecha-
nism for growth of the articular cartilage physis is arrested;
the potential to grow is retained. It is important to keep in
mind that the distal end of phalanges and of the ﬁrst meta-
carpal and ﬁrst metatarsal do not have epiphyses in which
secondary growth centres are formed, nor do the proximal
end of metacarpals and metatarsals two to ﬁve. In these
locations the physis of the primary centre extends into the
end and takes up the position of articular cartilage physis.
Results
THE CASE FOR TWO PATTERNS OF PHYSEAL
CELL DISTRIBUTION
Between 1848 and 1930 nine authors made a clear dis-
tinction between the ossiﬁcation process in the shaft of
long bones and that of epiphyses and cuboidal bones,
viz.: Sharpey9, 1848; Tomes and De Morgan10, 1853; Koel-
liker11, 1853; Muller12, 1858; Virchow13, 1858; Franceries14,
1925; Watt15, 1928; Dodds16, 1930; Weidenreich17, 1930.
Sharpey, writing in 1848 in Quain’s Anatomy9 described
and illustrated the development of the columnar cell pattern
of the primary growth cartilage. Of the secondary centre he
wrote ‘‘In the slow growth of bone which encroaches on the
attached surface of articular cartilages, the ossiﬁcation
would almost seem to be produced merely by the impregna-
tion of the cartilaginous matrix with earthy matter (corre-
sponding with the ﬁrst step of the ordinary process) and in
this the cells and clusters of cells being surrounded by the
calciﬁed matrix may remain as little vacuities or lacunae in
the bone’’.
Tomes and De Morgan10 quote Sharpey in a footnote and
comment that ‘‘the peculiarity of the articular bone consists in
the maintenance of the same arrangement of parts as ex-
isted in the cartilage prior to its conversion into bone. The
cells for the most part are arranged in groups or in lines par-
allel with the long axis of the bone, each cell presenting a
roundish mass surrounded by granules, and rendered rather
indeﬁnite in outline. Not uncommonly several cells become
connected end to end, thus producing an elongated form’’.
They identiﬁed tide lines, noting that ‘‘The ossiﬁed cartilage
is generally separated by a well-marked line from the subja-
cent bone.’’ ‘‘The bone at the line of junction is usually ad-
vanced into the ossiﬁed cartilage by rounded projections of
variable size; some of which reach nearly to the surface,
while others are situated at some little depth.’’ Figure 2 is
a copy of their illustration of ‘‘ossiﬁed articular cartilage’’.
The 1941 photomicrograph (Fig. 3) from Siegling18 is
a good match to their description.
Koelliker11 wrote in his Special Histology that ‘‘it may be
stated as a law that where ossiﬁcation proceeds in one di-
rection (as in the diaphysis) the cells at the osseous border
are arranged in rows; where the nuclei in the centre of a car-
tilage enlarge on all sides, the cells are confusedly grouped
in roundish or oval, irregular little masses, as in short bones
at their ﬁrst formation and in the epiphyses’’. In his 1858 edi-
tion19 he depicted these contrasting patterns with Muller’s12
sections of a calf’s phalangeal epiphysis, and the primary
growth cartilage of a cow embryo metatarsal (Fig. 4).
Virchow13, in his public lectures, illustrated the ossiﬁca-
tion process with a section from an astragalus (Fig. 5) in
5Osteoarthritis and Cartilage Vol. 14, No. 1which the cells are in clusters separated by matrix undergo-
ing mineralisation.
Weidenreich17 illustrates bone growth with a histological
section of the distal end of a mouse femur, illustrating the
contrast between the cell distribution in the primary and sec-
ondary growth cartilages. In the associated text he elabo-
rates the differences between the physeal activity in the
epiphysis and the metaphysis: ‘‘Since epiphysis growth
takes place essentially in all directions, here it does not
come to the formation of columns of cartilage’’; a statement
similar to that of Kolliker11.
Franceries14 studied the role in bone growth of the carti-
lage de conjugaison, a concept he attributes, without refer-
ences, to Flourens and Ollier. The term refers to the
conjoined growth cartilages of the metaphysis and expand-
ing epiphysis. He studied a mixed collection of 169 speci-
mens from cats, rats, guinea pigs, dogs, monkeys, and
humans, covering the age range from birth to adolescence.
He observed the columnar cell pattern in the metaphyseal
physis, a contrasting cluster formation of cells in the epiph-
yseal side, and distinguished an intermediary zone of inac-
tive cells. With age the activity of the epiphyseal side was
the ﬁrst to diminish, leading to the formation of a bony plate.
Continuing activity on the metaphyseal side diminished until
eventually all the cartilage was consumed and bony union
was established. Growth activity in the articular cartilage
physis continued until halted by the cessation of growth.
Franceries’14 observations on the sequence of develop-
ments in the growing epiphysis are consonant with those
of later observers, lacking only in the cytological detail en-
abled by developments in microscopy. He concluded that
the epiphysis behaved as an independent bone.
Watt15 studied bones of human embryos and foetuses
aged 5 weekse9 months and newborns up to 1 month
old, and young rats, some of which were newborn. In the
growth cartilage of the shaft of long bones he records the
usual sequence of developments from small cells in a dense
matrix to calciﬁcation and ossiﬁcation of the matrix of the
cell columns. As to the epiphysis of long bones, he states
that in all respects it ‘‘develops as though it were an inde-
pendent bone, and the process (of calciﬁcation) is exactly
similar to that found in the short irregular bones such as
the tarsals and carpals’’. He emphasised vascular penetra-
tion up to many months before calciﬁcation begins, branch-
ing and anastamosing to form a vascular ring surrounding
Fig. 2. Section showing ossiﬁed cartilage. a. Lacuna developed
from a cartilage cell. b. Lines of granules (tide line). From Tomes
and De Morgan10(Plate VII, ﬁg 17). By kind permission of the Royal
Society of Medicine, London.a solid central core of cartilage within which cartilage cells
enlarge, secrete matrix and become irregularly grouped in
clumps and small masses separated by strips of branching
and interconnecting matrix that calcify. This centre is then
invaded by blood vessels which erode the mineralised tis-
sue and establish the marrow space. From this point ossiﬁ-
cation advances into the growing peripheral cartilage until
the destined size and shape are reached.
Dodds16 studied the arrangement of cartilage cells in the
physes of the primary ossiﬁcation centres seeking to under-
stand the method of cell row formation. But, he also de-
scribed two other cell arrangements: cell nest formation in
secondary centres and in the distal, non-epiphyseal end
(not reproduced here) of phalanges; and a uniform distribu-
tion of single cells at the ﬁrst formation of the primary centre.
His ﬁgs 9 and 10 illustrate conjoined physes from the foot of
a cat foetus; ﬁg 9 shows the row development of the meta-
physeal side, and ﬁg 10 the cell nests of the epiphyseal as-
pect. His ﬁg 13, of the distal (non-epiphyseal) end of a ﬁnger
phalanx of a human infant shows cell nests at a later stage.
Single cell distribution is illustrated in his ﬁg 15 (not repro-
duced here), a ﬁnger phalanx of a 3 month old human
Fig. 3. Child’s articular cartilage/physeal structure. Age and site un-
speciﬁed. The structure rests on a thin bony plate; the latter is being
actively remodelled by osteoclastic and osteoblastic activity. Be-
yond this there is a zone of calciﬁed cartilage demarcated from
the uncalciﬁed cartilage by a tide line. At three sites the remodelling
is extending into the calciﬁed zone as a ﬁrst step to extending the
bone plate. Beyond the calciﬁed zone the band of prominently cel-
lular cartilage constitutes the growth cartilage composed of single
cells and small clusters, some of which are in a short linear ar-
rangement. The remainder of the tissue is articular cartilage. No
technical details18(ﬁg 3). ª 1941 With permission of The Journal
of Bone and Joint Surgery Inc., copyright holder. Published by
Elsevier Ltd. All rights reserved.
6 P. D. Byers and R. A. Brown: Art. Cart. physesFig. 4. (A) Longitudinal section of metaphyseal physis of calf embryo metatarsal. (B) Longitudinal section of calf phalanx epiphysis. Chromic
acid preparations. 350!. These illustrate the contrasting patterns of cell distribution and mineral deposition at these physes12(ﬁgs 1 and 3). By
kind permission of the Royal Society of Medicine, London.foetus; centrally there are enlarged single cells, phasing into
a limited region of smaller cells in somewhat irregular short
rows, and beyond this, the substantial remainder is com-
posed of compacted, small rounded cells. In the text he
writes that the arrangement of enlarged single cells at the
centre does not persist for long, giving place to the row
type, and exceptionally to cell nests. He does not specify
what are the exceptions, but these, it would seem, must
be the non-epiphyseal ends of phalanges and metacar-
pals/tarsals, as shown in his ﬁg 13 (not reproduced here).
THE CASE FOR A SINGLE PATTERN OF PHYSEAL
CELL DISTRIBUTION
However, at least by 1900 recognition of these cellular
patterns was on the wane. In his extensive historical review
of 1900, Retterer20 wrote of the basic organisation of meta-
physeal growth cartilage in the form as we now know it. In
the epiphysis, he records that the transformation of cartilage
begins ﬁrst in the centre and later extends to the surface,
stating as a notable fact that the development of thecartilage is in all respects analogous to that in the diaphysis.
He must have recognised the differences in cell distribution
and mineral deposition in Muller’s12 illustration (Fig. 4),
which he refers to in his text. Notwithstanding, the unifying
view prevailed. In 1924, Stump21 stated that the histogenetic
processes are the same for all bones laid down in cartilage.
In 1970, Wilsman and Van Sickle22 recorded that secondary
centres of ossiﬁcation in sheep, dog, rabbit, chicken and
man develop by similar processes which are the same as
those of primary centres. They emphasised the similar layer-
ing of the chondrocytes into germinal, dividing, hypertrophic
and degenerating zones, and the vascular connective tissue
invasion of the lacunae containing degenerative chondro-
cytes. In support they refer to Mankin’s23e27 important stud-
ies of osteogenesis in rabbits, who includes in his references
the histology texts of Maximov and Bloom28, and Ham29.
Mankin re-states27 that in active enchondral ossiﬁcation of
articular physes in immature rabbits ‘‘cartilage proliferates
in columns and the intervening cartilage bars become calci-
ﬁed as models for new bone formation’’; but, in older imma-
ture animals there was hardly any proliferative activity,
mineralisation was diffuse, and bone formation occurred
7Osteoarthritis and Cartilage Vol. 14, No. 1around a profusion of capillary loops. In his view this was not
conventional enchondral ossiﬁcation, and he was at a loss
how to account for it. However, it does conform to the pattern
of ossiﬁcation in secondary centres of ossiﬁcation as pre-
sented here2, viz.: osteoclastic resorption bays on whose
surfaces osteoblasts deposit osteoid/bone.
Fig. 5. Ossifying border of a growing astragalus. c. Cartilage with
smallish groups of cells. p. The layer where the proliferation and en-
largement are most marked along the line of calciﬁcation; the dark
mass represents the deposition of calciﬁcation. m. Medullary
spaces13(ﬁg 126). By kind permission of the Royal Society of Medi-
cine, London.In the course of the literature search several artic-
les18,30e32 had photomicrographs of growing articular carti-
lage whose cells were said to be in poorly or less well
developed columnar arrangement, as seen in Figs. 3 and
10, which are better described as cell clusters.
Siegling18 in a radiographic study of the relative contribu-
tion of the articular and the epiphyseal physes to epiphyseal
enlargement illustrated an articular cartilage with an active
physis (Fig. 3). The inner face of the articular cartilage phys-
eal structure rests on a thin bony plate which is being ac-
tively remodelled by osteoclastic and osteoblastic activity.
Beyond this there is a zone of calciﬁed cartilage demarcat-
ed by a tide line from the uncalciﬁed cartilage. At three
points resorption bays have been excavated into the calci-
ﬁed zone as a step to extend the bone plate. Beyond the
calciﬁed zone the band of prominently cellular cartilage con-
stitutes the growth cartilage composed of single cells and
small clusters, some of which are linear in arrangement.
The remainder of the tissue is articular cartilage.
Ring32, following on from Siegling18, correlated the histol-
ogy of the distal ulnar epiphysis with its radiological appear-
ance in rabbits, aged between 1 day and 8 weeks.
Photomicrographs at 3 and 5 days show a cartilage canal
and surrounding matrix with randomly distributed chondro-
cytes; at 5 days there is a focus of pericellular mineralisa-
tion. At 9 days and 4 weeks a ﬁeld of the epiphyseal
aspect of the conjoined physis shows compacted hypertro-
phic chondrocytes and chondrons, which Ring describes as
short columns. The full thickness of the conjoined physes is
illustrated at 9 and 16 days and at 8 weeks (by which time
the epiphysial aspect had closed), illustrating the contrast-
ing column formation of the metaphysial side. There is not
an osteoclast in sight.
Haines30 illustrates (Fig. 6) an article on pseudoepiphy-
ses with a photomicrograph of the distal, non-epiphyseal
end of a child’s ﬁrst metacarpal as a normal control. The
cells are said to be arranged in poorly developed columns.
It is arguable that discontinuities in the subchondral bone
are Howship’s lacunae.
Hill et al.31 reported on the histochemical features of
growth cartilages of pigs and illustrated conjoined physes
from a 15 day (Fig. 7) and a 31 day old pig. At 15 days
the epiphyseal growth cartilage is comprised of cell nests,
which the authors have described as truncated, less
well deﬁned columns of proliferating and hypertrophicFig. 6. (A and B) First metacarpal of 3 year old boy. (A) Distal (non-epiphyseal) end: a tide line demarcates a continuous band of mineral
enclosing cell clusters, which are also present in the hypertrophic zone. (B) Proximal end: metaphyseal physis with well developed columns.
The labels are Haines’: c.cm. cartilage columns, (in A he qualiﬁed these as poorly developed); t.l. tide line30(ﬁgs 11 and 12). With permission of
Blackwell Publishing, Oxford.
8 P. D. Byers and R. A. Brown: Art. Cart. physeschondrocytes. In the 31 day old pig, this physis has become
a bony plate in which remodelling is continuing. The cells in
the metaphyseal physis at both 15 and 31 days are in co-
lumnar array. There is no reference to osteoclasts.
MOSTLY ABOUT OSTEOCLASTS
The recognition of osteoclasts had been slow. In 1849,
Robin (Retterer20) described multinucleated cells in the
marrow, eventually naming them myeloplaxes. There was
confusion with other multinucleated cells, but by 1872/
1873 Koelliker had recognised those in the marrow as cal-
ciﬁed tissue resorbing cells and named them osteoclasts20.
Both Retterer20 and Weidenreich17 give accounts of the rec-
ognition of osteoclasts and their action in resorbing calciﬁed
tissues, but do not attribute to them a role in creating the pri-
mary spongiosa in epiphyseal physes, which they ascribed
to the vascular mesenchyme, as in metaphyseal physes.
Stump21, in a study of the histogenesis of bone recorded
the canalisation of epiphyses, and associated scattered
groups of hypertrophic cells, as shown in his ﬁg 9. Osteo-
clasts are described as resorbing bone trabeculae, but
there is no reference to their extending the ossiﬁcation front
into the calciﬁed cartilage.
In 1932, Dodds33 reported his investigations into the
role of osteoclasts in cartilage removal in endochondral
Fig. 7. Conjoined epiphyseal physis of 15 day old pig. It is com-
posed of cell nests embedded in mineralised matrix (not stained).
(Published legend: ‘‘Large and small arrows point respectively to
light and dark chondrocytes’’) Decalciﬁed, parafﬁn embedded,
0.4 M MgCl2 stain
31(ﬁg 4). With permission of the American Journal
of Veterinary Research.ossiﬁcation. His specimens were mostly from dog and cat,
but included some from pigs and humans. All material was
decalciﬁed, parafﬁn embedded, and stained with haematox-
ylin and eosin. He concluded that initial tissue removal in the
ossiﬁcation of either row or nest mechanisms, as described
above, was by medullary elements acting on the uncalciﬁed
walls between the cells in a row, and on uncalciﬁed portions
of the septae separating adjacent cell nests. He supports his
cogently argued thesis with 21 photomicrographs, several of
which illustrate the uncalciﬁed portions of the matrix wall
between cell nests [Fig. 8(B)]. Of one photomicrograph of
an epiphysis with well deﬁned cell clusters [Fig. 8(A)] he
remarks that osteoclasts are wanting at the very front of
marrow invasion of the cell nests but are plentiful further
back. In his view medullary mesenchyme is the prime agent
in the advance of the ossiﬁcation front, by penetrating
through uncalciﬁed tissue, and that osteoclasts follow on,
removing redundant calciﬁed cartilage. This careful study
would have been strengthened by undecalciﬁed tissue and
serial sections.
It was only with the closer study of the development of ca-
nals and the ensuing ossiﬁcation in developing epiphyses
that the presence of multinucleated cells was given promi-
nence, although a deﬁned role was seldom ascribed to
them. An exception was Kugler et al.34, who illustrated os-
teoclasts in canals, stating that they resorb cartilage, citing
in support Andersen and Matthiessen35.
Historical accounts of the recognition of canalicular/vas-
cular elements in epiphyses and in small bones, and the
spatial association of mineral deposition with them are re-
corded by Retterer20 and Hurrell36. Canals were recognised
by Bichat before the use of microscopes20, and were
soon studied microscopically by a number of investigators.
Their place in the development of epiphyses was noted
by Stump21, Franceries14, and Watt15 as part of their
investigations.
Ganey et al.37 and Burkus et al.38 give detailed descrip-
tions of the development of the canals and the ossiﬁcation
centre in the epiphysis of prenatal rabbits (proximal tibial)
and humans (distal femoral). Some time before ossiﬁcation
starts focal collections of mesenchymal cells bud from the
perichondrium and penetrate the cartilage, advancing to-
wards the centre, leaving in their wake an open acellular
channel. After an interval, mesenchymal cells develop with-
in the canal and differentiate into blood vessels and connec-
tive tissue elements, including chondrocytes. Later, when
ossiﬁcation begins, sequential cellular developments occur
at the site of ossiﬁcation: chondrocytes hypertrophy, mes-
enchymal cells de-differentiate, osteoclasts begin to ap-
pear, and mineralisation ensues. The early stages of
ossiﬁcation in various sites are depicted in papers by Wils-
man and Van Sickle (secondary centres22); Agrawal et al.
(talus39); Agrawal et al. (calcaneum40); Chandraraj and
Biggs (vertebra41); Ganey et al. (secondary centre37);
Burkus et al. (secondary centre38), illustrating the cellular
and mineral distribution from the earliest stages of mineral-
isation (Fig. 9), to early ossiﬁcation (Fig. 10). None of these
authors remarked that the cells are single or in small
clusters, randomly distributed, and their pattern of minerali-
sation is pericellular.
Mesenchymal cells were found in the canals by these au-
thors, but osteoclasts are not named as such. However,
Burkus et al.38 illustrate in their ﬁgs 8 and 9 recently formed
secondary centres of ossiﬁcation with ﬁbro-vascular tissue
at the centre, scattered with multinucleated giant cells
(Fig. 10); resorption bays are present in the surrounding
calciﬁed tissue which extends out into the surrounding
9Osteoarthritis and Cartilage Vol. 14, No. 1Fig. 8. (A) Published legend: ‘‘Epiphyseal centre. Cartilage cells in nests. Osteoclasts wanting at very front of marrow invasion, but plentiful
a short distance back. From radius of young pup. !92’’ (B) Published legend: Proximal end of metacarpal bone of growing pup; similar to epiph-
yseal centre. Shows uncalciﬁed walls between cell in nests and some calciﬁed areas between adjacent nests. Marrow is advancing from left
and is about to enter one nest at lower left corner. x37533(ﬁgs 17 and 18). Reprinted by permission of WileyeLiss, Inc., a subsidiary of John Wiley
& Sons, Inc.cartilage where the cells are in small clusters and enclosed
by mineral of diminishing density until there is only cartilage.
But Roach et al.42, in an hypothesis based on the devel-
opment of rabbit epiphyses on chorio-allantoic membranes,
make a deﬁnitive statement about the role of osteoclasts in
the progression of the centres of ossiﬁcation: ‘‘resorbing
and osteogenic precursor cells are released and differenti-
ate into chondroclasts and osteoblasts, respectively. Chon-
droclasts resorb the calciﬁed matrix, whereas osteoblasts
deposit bone matrix onto those cartilage spicules that are
not resorbed’’.
Discussion
Those who have recorded the disparity between the orga-
nisation of primary and secondary centres are few9e17, but
seem likely to have made original observations. Notwith-
standing, they are not weighty as compared with the virtually
universal acceptance of columnar array of cells in growth
cartilages. It is striking that there is no deﬁnition of columnar
formation, or criteria for its recognition. If the organisation/ar-
rangement of chondrocytes in primary physeal sites is taken
as a base, together with the manner of their formation from
mother cells and dividing daughter cells43, which give rise
to contiguous cells enclosed in a sheath of matrix, then the
cell organisation of secondary centres3e5 fail to qualify,
particularly in view of the pericellular/perichondronal miner-
alisation of subchondral tissues.
Bullough and colleagues3e5 and Green et al.44 in their
studies of the subchondral plate pointed out that the remod-
elling activity did not reduce the thickness of the calciﬁed
layer; this and reduplication of the tide line indicatedFig. 9. (A and B) Proximal humeral epiphyses. (A) 2 day old pup; four
foci of perinuclear mineralisation. (B) 4 day old pup; coalescing foci
of mineralisation. Von Kossa stain 22(ﬁgs 5 and 7). Reprinted with per-
mission of WileyeLiss, Inc., a subsidiary of John Wiley & Sons, Inc.
10 P. D. Byers and R. A. Brown: Art. Cart. physesextension of ossiﬁcation into the uncalciﬁed cartilage. In ad-
dition the presence of minute irregular islands of cartilage,
bone and ﬁbrous tissue, was noted44 as further evidence
of abortive growth activity in the osteochondral region in
adults. Johnson45, an advocate of limited growth of adult ar-
ticular cartilage, had recognised these inclusions, calling
them footprints of articular remodelling46. Brown et al.47
made use of these to demonstrate articular cartilage growth
in femoral heads of two adults. Central to the means to grow
interstitially must be the means to manage the tensions of
the collagen structure. The means to enable this have
been studied mainly in ﬁbrous connective tissues48. But in
response to an enquiry by Campo49 into swelling of the
growth plate Brown and Byers50 commented that the re-
moval of divalent cations, notably CaCC, had succeeded
in releasing bonds which held together the collagen net-
work. This leads to the speculation that the articular carti-
lage complex is a functional unit in which the calciﬁed
tissues manipulate the calcium ion concentration to which
the overlying articular cartilage is responsive.
The process of enchondral ossiﬁcation requires the crea-
tion of a primary spongiosa, and the developing underlying
bony plate needs to be remodelled as the epiphysis grows.
Both require the removal of calciﬁed tissue. The agent for
this is the osteoclast. Although Bullough and colleagues4,5
have referred only to blood vessels as resorbing agents of
mineralised matrix, observers, such as Fell51, Dodds33
and Green44, have found osteoclasts; however, they felt
their numbers were insufﬁcient [Fig. 8(A)] and have invoked
the vascular mesenchyme as an additional agent. It is
a problem which Dodds33 addressed. His studies led him
to conclude that he could recognise ‘‘various areas in the
matrix which undergo removal without ﬁrst becoming calci-
ﬁed’’ which could be removed without the aid of osteoclasts
[Fig. 8(B)] One has to question this given that he did not
prepare undecalciﬁed sections. Boyde and collea-
gues52e54, who have studied the quantitation of osteoclastic
activity, underline the difﬁculties of doing so. There are no
data as to how many osteoclasts are needed for a given
task. They are mobile cells, and an histological section is
Fig. 10. Published legend: ‘‘Once the ossiﬁc nucleus of the second-
ary centre of ossiﬁcation has been formed, changes in the cellular
compositionof theadjacent cartilagecanals continue.Multinucleated
giant cells and loose connective tissue elements are seen in the
canals as well as thin walled vessels. (haematoxylin and eosin,
!150)’’. There are multinucleated cells lying within the connective
tissue around the canals; nearby bone surfaces show evidence of
resorption, indicative of bone turnover38(ﬁg 8). ª 1993 Reproduced
with permission of the copyright holders, Yale Journal of Biology
and Medicine. Published by Elsevier Ltd. All rights reserved.a small sample. However, like ‘‘Kilroy’’, they leave their
mark, Howship’s lacunae. The quantitation of these is difﬁ-
cult53,54, but there are some values. Perhaps someone with
mathematical competence could devise a model to a give
range of guesstimates as to what would be required of
osteoclasts to fulﬁl this role.
The tubular bones of the hand and foot present an oppor-
tunity to study the developments of contrasting physes.
Haines30 illustrated the pattern of ossiﬁcation at each end
of the ﬁrst metacarpal of a 3 year old boy (Fig. 6). The prox-
imal end has an epiphysis, and a metaphyseal physis; the
latter has cells in columnar array. The other end has only
an articular physis, in which the cells are non-columnar.
On the face of it these two different patterns of ossiﬁcation
can only derive from the primary centre, as observed by
Dodds16. Ogden et al.55,56, in their careful studies of pseu-
doepiphysis formation, selected metacarpals, metatarsals
and phalanges from cadavers, stillbirths, amputations, and
resections of children under 5 years, which were examined
radiologically and histologically. All bones at the foetal stage
were judged to show classic patterns of enchondral ossiﬁ-
cation at both developing physes; that is, there was evi-
dence of columnar cell organisation (ﬁgs 1 and 2; not
reproduced here56); the criteria for deciding this are not stat-
ed. In the perinatal period, they found that the cell columns
became less evident in the end that would not form a typical
secondary ossiﬁcation centre, and were absent by 18e24
months and replaced by clones of cells separated by matrix;
there was tide mark formation, and development of
Fig. 11. Histological section prepared from non-epiphyseal end of
a metacarpal of a 3 year old child to demonstrate ‘‘Early penetration
of ossiﬁcation process from metaphysis into the (distal end) epiph-
ysis’’. A tide line demarcates a continuous band of mineral enclos-
ing cell clusters, which are also present in the hypertrophic zone.
Resorption bays have extended into the calciﬁed cartilage; on the
surface of at least one osteoblasts are present. The authors’ opin-
ion: ‘‘It is impossible to say whether this invasive pattern would lead
to typical expansile ossiﬁcation or to a pseudoepiphysis’’55(ﬁg 1).
With permission of Lippincott Williams and Wilkins.
11Osteoarthritis and Cartilage Vol. 14, No. 1resorption bays, presumably by osteoclasts (Fig. 11). These
developments are what is here proposed to be expected in
cartilage which will be an articular physis. But was there an
initial columnar formation in its development from the pri-
mary centre? Dodds16 did not make reference to this possi-
bility, which could be further investigated.
A case has been made here for an alternative under-
standing of the mode of development of secondary growth
centres of tubular bones, which is shared with cuboidal
bones. It is derived from observations recorded in the liter-
ature. But, like any hypothesis, it must be subjected to rig-
orous testing. To deﬁne and establish criteria for
recognition of columnation of cells during growth, or in adult
articular cartilage1 given the quantitative studies57 of the
structural organisation of normal articular cartilage, seems
to be a necessity. Since, on the face of it, pericellular and
intercolumnar mineralisation are attributes of different pat-
terns of enchondral ossiﬁcation, criteria for their recognition
would be helpful. And consideration could be given to the
manner of resorption of the subchondral mineralised plate
in its turnover/remodelling.
But, ﬁrst, it must be decided if there is a case to be
answered.
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